We report the growth of an ultrathin 1.0 nm ͑equivalent oxide thickness ϭ 0.86 nm) oxynitride gate dielectric by rapid thermal processing ͑RTP͒ in high-N 2 but low-O 2 gas flow ambient. The effect of the changing N 2 /O 2 gas flow ratio on the characteristics of oxynitride films was investigated. High-quality oxynitride film could be formed by RTP in an optimum N 2 /O 2 gas flow ratio of 5/1. Detailed characterization ͑transmission electron microscopy, J-E capacitance-voltage, stress-induced leakage current, charge-trapping properties͒ demonstrated the high quality of the oxynitride dielectric and showed that low leakage current density J g ϭ 0.1 A/cm 2 at 1 V, was 1.85 orders of magnitude lower than that of SiO 2 . These improvements are attributed to the presence of nitrogen at the interface and in the bulk of the oxynitride. Highly reliable and aggressively scaled gate dielectric films ͑equivalent oxide thickness, EOT р 1.0 nm) are necessary for developing complementary metal oxide semiconductor ͑CMOS͒ technologies in the sub-50 nm regime. However, when the thickness of SiO 2 is reduced below 2 nm, as for ultrathin oxides, important concerns of gate leakage and device reliability arise.
Highly reliable and aggressively scaled gate dielectric films ͑equivalent oxide thickness, EOT р 1.0 nm) are necessary for developing complementary metal oxide semiconductor ͑CMOS͒ technologies in the sub-50 nm regime. However, when the thickness of SiO 2 is reduced below 2 nm, as for ultrathin oxides, important concerns of gate leakage and device reliability arise. [1] [2] [3] For these reasons, alternative gate dielectrics must be considered. In the course of searching for such an alternative gate dielectric, ultrathin NH 3 -nitride SiO 2 , N 2 O/NO oxynitride, N/O stack, plasma-nitrided SiO 2 , and high-k dielectrics have been widely studied as the promising replacements for thermal oxide as gate dielectrics, while maintaining a low gate leakage and increased capacitance for future sub-50 nm CMOS devices. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Desirable gate dielectrics should have good uniformity, small defect density, and high dielectric strength; they should endure hot-electron injection for maintaining device reliability. As mentioned above, much work in this field has been focused on the nitridation of SiO 2 . NH 3 -nitrided SiO 2 films can be effectively used to increase the proportion of incorporated N atoms; increasing the fixed charge and interface trap densities is unavoidable, due to the generation of electron traps related to -NH x , -H, and -OH bonds introduced from NH 3 . 4 The NH 3 -nitrided films have also been reported to show degraded mobility due to heavy nitridation and increased electron trapping.
5 N 2 O and NO have been proposed as alternatives without the disadvantages of NH 3 for oxidation and nitridation; the resulting films exhibit favorable electrical characteristics; however they do not have enough nitrogen ͑only ϳ1-2 atom %͒ at the dielectric silicon interface to prevent boron penetration. [6] [7] [8] [9] The ultrathin nitride/oxide ͑N/O͒ stack has been investigated as a promising structure for suppressing leakage current and boron penetration, while maintaining the excellent oxide/Si interface. 10, 11 The results of such investigations indicate that dielectric films formed by N/O stacks have higher nitrogen concentrations in both the bulk of the film and at the dielectric-silicon interface. However, most of the proposed N/O stacks are currently thicker than 1.6 nm, making them inappropriate for future sub-50 nm ultra large scale integrated ͑ULSI͒ technology. Recently, remote plasma nitridation ͑RPN͒ and decoupled plasma nitridation ͑DPN͒ of SiO 2 have been considered. [12] [13] [14] Although plasma nitridation reduces gate leakage by incorporating nitrogen on the top surface of the SiO 2 dielectric, plasma-induced damage and the fixed charge associated with nitrogen incorporation cause a large Vt shift and transconductance degradation, which represent important disadvantages of the method. Recently, HfO 2 and ZrO 2 have been considered as promising high-k dielectrics. Although superior electrical characteristics of HfO 2 and ZrO 2 have been demonstrated, these high-k materials have the disadvantage of low crystallization temperature, poor interface quality, and very poor thermal stability. [15] [16] [17] [18] Various kinds of gate dielectrics have been investigated, but so far, none has been successful as the next generation gate dielectric to replace SiO 2 . It is technologically important to find a near-term solution to ensure the scalability in CMOS technology. 35 nm gate length CMOS technology has been reported with 1.0 nm oxynitride gate dielectrics formed by base oxide formation and NO gas annealing. 19 It has been found that the thinning of base oxide thickness should still be effective for current drive improvement, even in the region of less than 1.0 nm base oxide thickness. However, it has been found difficult to realize both ͑i͒ the thinning of the physical dielectric thickness and ͑ii͒ the incorporation of much more nitrogen into the gate dielectric simultaneously by the NO gas annealing method. Hence, oxynitride growth processes that can provide defect-free SiO 2 /Si interface and improved electrical characteristics must be established to solve these problems and achieve an ultrathin film ͑physical thickness Ͻ1.0 nm͒ with enhanced nitrogen incorporation. This paper develops a new technique for fabricating ultrathin oxynitride films down to a physical thickness of 1 nm by RTP in a high N 2 but low O 2 gas flow rate ambient ͑RTNO͒ to achieve a nitrogen-rich oxynitride film with nitrogen located away from SiO 2 /Si interface and to reduce the leakage current. Then, the optimum conditions of the growth of oxynitride films by RTNO, and their effects on the electrical characteristics are also demonstrated.
Experimental
pMOS capacitors with high quality 1.0 nm thick RTP oxynitride film was fabricated using a compatible 0.13 m CMOS processing technology. The 3-5 ⍀ cm n-type silicon ͑100͒ wafers were cleaned by the standard RCA clean. The wafers were then washed in 1% HF acid immediately prior to dielectric film growth. The 1.0 nm thick nitrogen-rich gate oxynitride film was grown by RTP with a N 2 /O 2 ϭ 1/1, 3/1, 5/1, and 10/1 ͑slm͒ gas flow ratios at 900°C for 15 s. A schematic time-temperature profile of the RTP oxidation processing for capacitor fabrication is shown in Fig. 1 . A comparison was made with an oxide film of approximately the same thickness grown by RTP in pure oxygen ambient, gas flowing at 2 slm at 900°C for 10 s. Then, polysilicon film was deposited in a conventional low pressure chemical vapor deposition ͑LPCVD͒ system and doped by boron implantation 15 keV 5 ϫ 10 15 /cm 2 . After activating the impurities, nickel salicide was formed and borophosphosilicate glass ͑BPSG͒ was deposited. Finally, 500 nm Al was deposited and patterned to provide an electrode pad. The thickness of the ultrathin oxynitride film in this work, including the RTO SiO 2 film, was measured using both an ellipsometer with three angles of incidence ͑65°, 70°, and 75°͒ and high-resolution transmission electron microscopy ͑HRTEM͒. MOS capacitors were analyzed electrically.
An HP 4156A semiconductor parameter analyzer and HP 4284A LCR meter was used to obtain the intrinsic properties of the gate dielectrics such as current-voltage (I-V), high frequency capacitance-voltage ͑C-V͒ curves, and reliability on 100 ϫ 100 m 2 capacitors under 100 KHz signal frequency operation. Figure 2 shows an high resolution TEM ͑HRTEM͒ micrograph of the oxynitride film. The physical thickness of the RTNO oxynitride films was determined by HRTEM as 1.0 nm. The HRTEM image provided sufficient contrast to discern the 1.0 nm thick oxynitride layer. The resulting oxynitride film is quite uniform and very smooth at the SiO x N y /Si interface. Uniformity is very important, since it reduces anomalously large gate leakage currents through weak points where the oxide is thinner. Smoothness is also crucial to higher carrier mobility. 20 Figure 3a shows the thickness of the dielectric as a function of oxidation temperature for 15 s. Clearly, the film thickness linearly increases with as the oxidation temperature increases. The oxidation rate in N 2 /O 2 mixed ambient was found to be slower than that in pure O 2 ambient. Obviously, the oxidation rate decreases as the N 2 /O 2 gas flow rate ratio increases. This is attributed to the high N 2 gas flow rate dilutes the O 2 oxidation ambient, and the nitrogen atoms in the oxynitride film suppress oxygen diffusion, reducing the oxidation rate. 21 Figure 3b shows the thickness of the dielectric vs. oxidation time relationship for various N 2 /O 2 gas flow rate ratios at 900°C. It can be seen that the oxidation rate decreases as the N 2 /O 2 gas flow rate ratio increases for different oxidation times. The different growth rates between RTO oxidation and RTP oxynitridation with various N 2 /O 2 gas flow rate ratios, was attributed to the block effect of nitrogen atoms in the oxynitride film, as discussed above. The time dependence of oxynitride thickness shows a diffusion self-limited feature, and the average growth rate at 60 s ͑0.36 Å/s͒ is slower than that at 30 s ͑0.53 Å/s͒ for a N 2 /O 2 gas flow rate ratio of 5/1 ͑slm͒ sample at 900°C, because of the blocking effect of nitrogen. Although, a thinner 0.5 nm thick film could be obtained by RTP oxynitride when the growth temperature was below 800°C and the N 2 /O 2 gas flow rate ratio was increased to more than 5/1. However, such an ultrathin film is quite leaky and the leakage current was not acceptable for analysis, so the related data are not presented. Figure 4 shows the high frequency C-V characteristics of p ϩ -poly/oxide/n-Si MOS capacitors for oxidation conditions of N 2 /O 2 ϭ 1/1, 3/1, 5/1, 10/1, and RTO. The area of capacitor is 100 ϫ 100 m, and the small signal frequency is 100 KHz. It should be noted that sharp transitions are observed and the C-V curve of the RTO grown dielectric is greatly distorted since the leakage current through the dielectric is much larger than the nitrogen-incorporating oxynitride films. It is clear that the capacitance increases with the N 2 /O 2 gas flow rate ratio, and a commensurate increase in drive current can be expected. The EOT ϭ 0.86 nm of RTNO51 sample is extracted from the measured C-V in the strong accumulation region by a C-V simulator, which takes into account the quantum mechanical effect and the gate depletion effect. 22, 23 Additionally, it is obvious that flatband voltage shift of the RTNO oxynitride samples are quite small, which means that few fixed charges are trapped in the oxynitride bulk and its interfaces. 24 Finally, based on the agreement between the measured and calculated flatband voltages, there is no measured boron transport to the oxynitride/Si interface. Figure 5 shows the current density (J g ) vs. gate voltage characteristics of p ϩ -poly/oxynitride/n-silicon͑100͒ capacitors. Obviously, the oxynitride gate dielectric that was grown at an N 2 /O 2 gas flow rate ratio of 5/1 shows a significantly lower gate leakage current than that of RTO SiO 2 . The RTNO ϭ 5/1 sample has the lowest leakage current density, 0.1 A/cm 2 at V g ϭ 1.0 V, and the current density is almost 1.85 orders of magnitude lower than 6.8 A/cm 2 at 1 V, as for RTO SiO 2 . Additionally, RTNO51 provides a reduction of about one order of magnitude in the gate leakage current at 1 V ϩ V FB , as compared to that of 16 Å thick pure SiO 2 , even though the thickness of the oxynitride film is about 6 Å less than that of SiO 2 . 10 The leakage current reduction can be explained such that the effective mass of the tunneling electron increases monotonically with increasing nitrogen concentration while the dielectric constant increases monotonically. 25, 26 Hence, the improvements provided by RTNO oxynitrides are thought to be due to the accumulation of nitrogen atoms. This result examines the gate leakage current as a function of the oxygen and nitrogen contents in ultrathin silicon oxynitride films. It is also reported that one striking aspect of the theoretical results is that, with as little as 10% nitrogen in the film, the direct tunneling current below 1 V can be reduced by more than two orders of magnitude compared to its pure oxide counterpart. 26 Finally, a series resistance is observed in the high current density region of the J g -V curve. This substantial series resistance at high current density should be the series resistance of the poly-gate, the ultrathin oxide, and the Si bulk substrate. Figure 6 shows the secondary ion mass spectroscopy ͑SIMS͒ depth profiles of nitrogen in the RTNO oxynitride films and the RTO SiO 2 film. The oxynitride films analyzed by SIMS were not capped polysilicon layers and their nitrogen concentrations were evaluated immediately after the RTP oxynitridation process was finished. The layer composition evaluated by SIMS measurement indicates that a large amount of N atoms (Ͼ6 ϫ 10 21 atom/cm 3 ) pile up at the top surface of the oxynitride film, and are distributed in the bulk oxynitride. This phenomenon proves that large amounts of nitrogen exist in the oxynitride film. The nitrogen concentrations of the RTNO ϭ 5/1 oxynitride film and the RTO SiO 2 film were 1.05 ϫ 10 21 and 2.26 ϫ 10 18 atom/cm 3 , respectively, at the oxynitride/Si interface. The N concentration of the oxynitride film with RTNO ϭ 5/1 was clearly about 2.5 orders of magnitude higher than that of the SiO 2 film. This observation confirmed that large amounts of nitrogen were present in the oxynitride film, which showed that almost all of the nitrogen atoms were confined near the oxynitride dielectric. Notably, the nitrogen concentration did not increase with the N 2 /O 2 gas flow rate ratio up to 5/1, because an excess of N 2 gas seriously diluted the O 2 gas, causing the RTP oxynitridation process to become similar to the nitridation process, and the process temperature of 900°C is too low for the nitridation process. Hence, the N concentration saturated when the N 2 /O 2 gas flow rate ratio was more than 5/1. Additionally, it is also reported that boron penetration was suppressed enough by high nitrogen concentration (Ͼ1 ϫ 10 21 atom/cm 3 ) oxynitride even in 1.0 nm thick oxide. 27 The nitrogen concentration of RTNO51 at the oxynitride/Si interface was achieved at 1.05 ϫ 10 21 cm Ϫ3 , implying that the boron penetration from p ϩ poly gate was enabled to be suppressed. It is widely known that the addition of nitrogen in silicon oxide, or the addition of oxygen in silicon nitride, affects their reliability as a gate dielectrics.
Results and Discussion
28,29 Figure 7 shows the stress-induced leakage current ͑SILC͒ results after the application of constant voltage stresses of 3.0, 3.3, and 3.5 V for samples RTNO ϭ 5/1 and RTO. Fresh J-V curves were measured before the samples were stressed. The leakage current density was also monitored during stressing to ensure consistent behavior from device to device. No significant stress-induced leakage current was observed in RTNO ϭ 5/1 sample after stressing in a high electric field for 500 s. The much lower SILC of this oxynitride film can again be attributed to lower current fluence during the constant voltage stress, which in return causes less trap generation and thus a much lower SILC. Figure 8 shows the charge-trapping characteristics of n-MOS capacitors were stressed at a constant current density, 10 A/cm 2 , for 500 s. No significant charge trapping occurred during stress, and the RTNO ϭ 5/1 sample exhibits less electron trapping than the RTO sample. The reduced electron trapping characteristic leads to less field buildup within the oxynitride film, resulting in prolonged device lifetime. The charge-trapping properties dependence on the N 2 /O 2 gas flow rate ratio which is quite obvious, because, as the N 2 /O 2 ratio becomes higher, ⌬V g becomes smaller. Figure 9 shows the Q BD characteristics of RTNO ultrathin oxynitride films and conventional RTO SiO 2 . p-MOS capacitors were stressed at a constant current until either the device broke or it had been stressed for 10,000 s. The Q BD was found to increase as the N 2 /O 2 ratio was increased. The Q BD of the RTNO51 sample is one order of magnitude higher than that of the RTO SiO 2 counterpart. The longer timeto-breakdown for the oxynitride film is primarily attributed to its lower leakage current, which causes less damage to the dielectric and thus contributes to a longer dielectric lifetime.
Conclusions
Ultrathin oxynitride dielectric films 1.0 nm thick were produced by RTP in mixed ambient with high N 2 but low O 2 gas flow rates. Such films exhibit a lower leakage current, a larger Q BD , and less charge trapping and trap generation than their RTP SiO 2 counterpart. The leakage current of RTNO ϭ 5/1 sample was as much as 1.85 orders of magnitude lower than that of their RTO SiO 2 counterpart. These results suggest that the oxynitride film may be considered as a potential candidate for alternative gate dielectric for advanced CMOS devices. 
